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We discuss the possibility of new generation neutrino and astroparticle physics experiments exploiting the 
liquid Argon Time Projection Chamber (LAr TPC) technique, following a graded strategy that envisions appli- 
cations with increasing detector masses (from 100 ton to 100 kton). The ICARUS R&D program has already 
demonstrated that the technology is mature with the test of the T600 detector at surface. Since 2003 we have 
been working with the conceptual design of a very large LAr TPC with a mass of 50-100 kton to be built by 
employing a monolithic technology based on the use of industrial, large volume, cryogenic tankers developed by 
the petro-chemical industry. Such a detector, if realized, would be an ideal match for a Super Beam, Beta Beam 
or Neutrino Factory, covering a broad physics program that includes the detection of atmospheric, solar and 
supernova neutrinos, and searches for proton decay, in addition to the rich accelerator neutrino physics program. 
A "test module" with a mass of the order of 10 kton operated underground or at shallow depth would represent 
a necessary milestone towards the realization of the 100 kton detector, with an interesting physics program on its 
own. In parallel, physics is calling for a shorter scale application of the LAr TPC technique at the level of 100 ton 
mass, for low energy neutrino physics and for use as a near station setup in future long baseline neutrino facilities. 
We outline here the main physics objectives and the design of such a detector for operation in the upcoming T2K 
neutrino beam. We finally present the result of a series of R&D studies conducted with the aim of validating the 
design of the proposed detectors. 



1. Introduction 

The present generation of neutrino experiments 
will further clarify the scenario of neutrino mix- 
ing by reducing the errors on the oscillation pa- 
rameters, by confirming the — > v r oscillation 
channel and by proving or disproving the exis- 
tence of a fourth and sterile neutrino. This gen- 
eration of experiments can be assumed to pro- 
vide solid and convincing results by ~ 2010. By 
then, in order to proceed along this fascinating 
line of research a new technological step will be 
required, both concerning the neutrino beam fa- 
cilities (intensity and reliability) and the detec- 
tors (performance and mass). By that time the 
neutrino community will be confronted with the 
measurement of the (so far) unknown #13 mix- 
ing angle. The relevance of this physics result is 
twofold: on the one hand, if this angle turns out 
to be non vanishing, the actual behavior of the 



three neutrino mixing scheme will be proved; on 
the other hand, the measurement of 6*13 will open 
the way to the future searches for a possible CP 
violation in the lcptonic sector. After one more 
decade one could assume that the latter research 
subject could be attacked by a further beam fa- 
cility and detector generation, whose features can 
be hardly predicted today, apart from a generic 
request of unprecedented high beam intensity and 
huge detector mass. 

Following the above (oversimplified) scenario, 
as far as detectors are concerned, it is clear that 
neutrino physics is now calling for new devices 
able to meet the challenge of the high intensity, 
and also capable of improved particle identifica- 
tion and background rejection performance. The 
large mass of these detectors and their complex- 
ity will obviously imply important financial in- 
vestments. This will make mandatory an appro- 
priate and economical use of these facilities, by 
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extending their application to other fields, such 
as astroparticle physics and matter unstability 
searches. The realization of these detectors will 
also imply (actually, already by now) a vigor- 
ous and coordinated effort of the community on 
the required R&D activities, as well as a wise 
exploitation of existing resources and infrastruc- 
ture, seeking for complementarity of the different 
worldwide projects. 

We believe that the detection technique of the 
liquid Argon Time Projection Chambers is well 
suited to answer the demanding experimental re- 
quirements originating from the above consider- 
ations. In the last few years, in particular, we 
have been proposing a global research strategy 
centered on both the design and proposal of ex- 
periments exploiting this technique and on the 
related R&D strategy [T]. The main milestones 
of our line of thought can be summarized as fol- 
lows: 

• after more than 20 years of R&D work from 
the ICARUS Collaboration all the basic ele- 
ments of the LAr TPC technique have been 
successfully developed; 

• no "black magic" is required to exploit the 
technique and realize detectors of increasing 
mass although specific research work might 
be needed for advanced applications; 

• we stress the importance of small labora- 
tory prototype detectors to get acquainted 
with the technological issues and to study 
specific R&D subjects; 

• the next-to-come physics application might 
likely be the realization of a ~ 100 ton de- 
tector for a LBL neutrino facility, able to 
study low energy neutrino interactions, to 
ascertain the capability of the technique in 
performing high precision neutrino physics 
experiments; 

• we have performed the conceptual design 
and preliminary engineering studies of a 
very large mass (50-100 kton) LAr TPC 
facility for ultimate proton decay searches 
and precision studies of the neutrino mix- 
ing matrix; 



• the above large mass facility, representing 
more than a factor 100 mass increase with 
respect to the ICARUS modular design ap- 
proach, will require a two step strategy, pos- 
sibly envisioning the realization of an "en- 
gineering module" with a mass of the order 
of 1 kton (able to prove the scalability of 
the detector) and of a ~ 10 kton detector 
able to provide a rich physics program and 
to justify the further factor of 10 mass in- 
crease for the very large facility; 

• a complete R&D program has been identi- 
fied for several key issues. We already ob- 
tained interesting results and more projects 
are underway or planned for the next fu- 
ture. 

After a brief introduction on the LAr detection 
technique, the above milestone are described in 
more detail in the next Sections together with the 
detector design features and experimental results 
from R&D studies. 

2. The liquid Argon TPC technique 

The Liquid Argon Time Projection Chamber 
was conceived and proposed by C. Rubbia in 
1977 21 as a tool for uniform and high accuracy 
imaging of massive detector volumes. The oper- 
ating principle of the LAr TPC is based on the 
fact that in highly purified LAr ionization tracks 
could be transported undistorted by a uniform 
electric field over distances of the order of me- 
ters. Imaging is provided by wire planes placed 
at the end of the drift path, continuously sensing 
and recording the signals induced by the drift- 
ing electrons. Liquid Argon is an ideal medium 
since it provides high density, high ionization and 
scintillation yields, and is intrinsically safe and 
cheap. 

Non-destructive readout of ionization electrons 
by charge induction allows to detect the signal 
of electrons crossing subsequent wire planes with 
different orientation. This provides several pro- 
jective views of the same event, hence allowing for 
space point reconstruction and precise calorimet- 
ric measurement. The particle momentum can be 
inferred via a multiple scattering measurement, 
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while the detection of the local energy deposition 
(dE/dx) can provide e/ir° separation and parti- 
cle identification through a range versus dE/dx 
measurement. The total energy reconstruction 
of the event is performed by charge integration 
within the detector volume, being the detector a 
full-sampling, homogenous calorimeter. 

The main technological challenges of this tech- 
nology are summarized elsewhere [3] and included 
techniques of Argon purification, operation of 
wire chambers in cryogenic liquid and without 
charge amplification, low-noise analog electron- 
ics, continuous wave-form recording and digital 
signal processing. The extensive ICARUS R&D 
program dealt with studies on small LAr volumes, 
LAr purification methods, readout schemes and 
electronics, as well as studies with several proto- 
types of increasing mass on purification technol- 
ogy, collection and analysis of physics events, long 
duration tests and readout | HSItij . 

The realization of the 600 ton ICARUS detec- 
tor (T600) culminated with the full test of one of 
the two 300 ton modules carried out at surface [H]. 
This test demonstrated that the LAr TPC tech- 
nique can be operated at large mass scale with a 
drift length of 1.5 m. Data taking with cosmic-ray 
events allowed to assess the detector performance 
in a quantitative way |7l8l9ll()tTT) . Installation of 
the T600 module at the Gran Sasso Underground 
Laboratory is currently on-going. 

Nowadays, LAr TPC detectors can be read- 
ily used in a broad energy range, from MeV up 
to multi-GeV with high event reconstruction ef- 
ficiency. At the same time, low thresholds for 
particle identification are possible thanks to the 
high granularity. In addition to the natural use 
as underground facilities, one can also operate the 
detectors at shallow depth owing, once more, to 
the high granularity which permits the separation 
of signal from background. Finally, one can real- 
istically think to embed a LAr TPC in a magnetic 
field for charge discrimination |12|. Implementa- 
tions at different mass scales {e.g. from 100 tons 
to 100 ktons) are therefore conceivable as well as 
technically and economically sound. In the fol- 
lowing, we give some examples according to the 
global strategy outlined in the previous Section. 

In parallel to the design of new experiments 



employing LAr TPC detectors, one could readily 
profit of the know-how acquired on the technique 
to setup small laboratory prototype detectors, 
able to permit the study of specific technologi- 
cal subjects and to gather the necessary expertise 
with all the related experimental issue. As an ex- 
ample, Fig. H shows a test chamber we have been 
operating at INFN Napoli, in particular for the 
study of UV laser- liquid Argon calibration |13) . 
The display of a cosmic-ray event taken with this 
detector is shown in Fig. 




Figure 1. LAr TPC prototype operating at INFN 
Napoli. 



3. A large mass liquid Argon TPC detector 
with charge imaging and light readout 

A very large LAr TPC with a mass ranging 
from 50 to 100 kton would deliver extraordi- 
nary physics output, sometimes called "megaton 
physics" , owing to the excellent event reconstruc- 
tion capabilities provided by the technique. Cou- 
pled to future Super Beams |Ti]. Beta Beams or 
Neutrino Factories |12ll5j it could greatly im- 
prove our understanding of the mixing matrix 
in the lepton sector with the goal of measuring 
the CP-phase. At the same time, it would allow 
to conduct astroparticle experiments of unprece- 
dented sensitivity. 
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Figure 2. Display of a cosmic-ray event taken with 
the TPC prototype at INFN Napoli. 



Figure 3. Comparison between the sensitivities of a 
100 kton LAr TPC and a 650 kton water Cerenkov 
in the search for proton decay: p — > K + v. 



Let us mention, as an example, the physics 
reach of such a detector for nucleon decay- 
searches. For the two prong decay mode: p — » 
K + v, a 100 kton LAr detector, thanks to its 
high detection efficiency (> 95%) and to the high 
background rejection power could effectively com- 
pete with a much larger mass (650 kton) water 
Cerenkov detector, reaching a sensitivity limit of 
t ~ 10 35 years for a ten years run (Fig|3J. This 
features strongly supports the concept of comple- 
mentarity between the two detection methods for 
proton decay searches. 

The basic features of the proposed detector [TBI 
11117118117?] can be summarized as follows. The 
baseline design envisions a single 100 kton "boil- 
ing" cryogenic tanker at atmospheric pressure for 
a stable and safe equilibrium condition, since tem- 
perature is constant while Argon is boiling. The 
evaporation rate is small, less than 10~ 3 of the to- 
tal volume per day, and is compensated by refill- 
ing of the evaporated Argon volume. The detec- 
tor signal is provided by charge imaging, scintil- 
lation and Cerenkov light readout, for a complete 



and redundant event reconstruction. A peculiar 
feature is represented by the fact that the detec- 
tor is running in double-phase mode. In order to 
allow for drift lengths as long as ~ 20 m, which 
provides an economical way to increase the vol- 
ume of the detector with a constant number of 
channels, charge attenuation will occur along the 
drift due to attachment to the remnant impurities 
present in the LAr. This effect can be compen- 
sated with charge amplification near the anodes 
located in the gas phase. 

The cryogenics design of the proposed detec- 
tor relies on the industrial know-how in the stor- 
age of liquefied natural gases (LNG), which de- 
veloped in the last decades, driven by the petro- 
chemical industry. The technical challenges as- 
sociated to the design, construction and safe op- 
eration of large cryogenic tankers have already 
been addressed and engineering problems have 
been solved. The current state-of-the-art con- 
templates cryogenic tankers of 200000 m 3 . In the 
world presently exist ~ 2000 tankers with vol- 
umes larger than 30000 m 3 , with the majority 
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built during the last 40 years. Technodyne Inter- 
national Limited, UK [20], which has expertise 
in the design of LNG tankers, has produced for 
us a feasibility study in order to understand and 
clarify all the issues related to the operation of a 
large underground LAr detector. 

The outcome of the collaboration with Techn- 
odyne is shown in Fig. 0] where the engineering 
design of the large detector is presented. The 
detector is characterized by the large fiducial vol- 
ume of LAr included in a tanker with external di- 
mensions of approximately 40 m in height and 70 
m in diameter. A cathode located at the bottom 
of the inner tanker volume creates a drift electric 
field of the order of 1 kV/cm over a distance of 
about 20 m. In this field configuration ionization 
electrons are moving upwards while positive ions 
are going downward. The electric field is delim- 
ited on the sides of the tanker by a series of ring 
electrodes (race-tracks) placed at the appropriate 
potential by a voltage divider. 




Figure 4. Conceptual design of a 100 kton liquid Ar- 
gon cryogenic tanker developed in collaboration with 
Technodyne International Limited. 



The tanker contains both liquid and gas Ar- 
gon phases at equilibrium. Since purity is a con- 
cern for very long drifts of 20 m, we already 
mentioned that the inner detector could be op- 
erated in double-phase mode. In order to amplify 
the extracted charge one can consider various op- 



tions: proportional amplification with thin read- 
out wires, GEMs or LEMs (see Section 5). After a 
drift of 20 m at 1 kV/cm, the electron cloud diffu- 
sion reaches approximately a size of 3 mm, which 
corresponds to the envisaged readout pitch. If 
one assumes that the electron lifetime is at least 
2 ms |10) . one then expects an attenuation of a 
factor ~ 150 over the distance of 20 m, compen- 
sated by the proportional gain at the anodes. We 
remind that the expected attenuation factor will 
not introduce any detection inefficiency, given the 
value of ~ 6000 ionization electrons per millime- 
ter produced along a minimum ionizing track in 
LAr. The number of readout channels is of the 
order of 100000 served by about 100 electronic 
crates placed on top of the tanker. 

In addition to charge readout, one can envi- 
sion to locate PMTs around the inner surface 
of the tanker. Scintillation and Cerenkov light 
can be readout essentially independently. LAr 
is a very good scintillator with a yield of about 
50000 7/MeV (at zero electric field). However, 
this light is distributed around a line at 128 nm 
and, therefore, a PMT wavelength shifter (WLS) 
coating is required. Cerenkov light from penetrat- 
ing muon tracks has been successfully detected in 
a LAr TPC 0; this much weaker radiation with 
about 700 7/MeV produced between 160 nm and 
600 nm for an ultra-relativistic muon can be sep- 
arately identified with PMTs without WLS coat- 
ing, since their efficiency for the DUV light will 
be very small. A total of 1000 8" PMTs would be 
required to readout the scintillation signal and 
about 27000 PMTs to cover 20% of the inner 
tanker surface to possibly detect the Cerenkov 
signal. 

The operation of such a large facility is cer- 
tainly challenging, although solutions exist for the 
main issues, such as cryogenics, provision of LAr, 
filling-up, purification, etc. 1161111711811!?] . Here 
we only stress that an "in situ" plant produc- 
ing liquid Argon might be an economical solu- 
tion, also considering the cost of transporting the 
liquid from a distant production site. Assuming 
a filling speed of 150 ton/day (compatible with 
the daily production rate of such a plant) one 
would need about two years to fill the detector. 
Since the boiling-off of the tanker corresponds to 
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45 ton/day (for a 5 W/m 2 heat input) it would 
take nearly 10 years to completely evaporate the 
whole detector volume. 

From the above design considerations, it is 
clear to us that the realization of a very large 
LAr TPC will require a graded program, likely 
implying the construction of a ~ 1 kton engineer- 
ing module to assess and implement the adopted 
technological and engineering solutions. At a 
later stage, one should aim at the realization of a 
~ 10 kton detector with a rich physics program 
on its own. Only after the successful meeting of 
these milestones, the following factor of 10 mass 
increase could be realistically afforded. This step- 
by-step procedure is justified both from the tech- 
nological and the financial point of view. The 10 
kton detector would feature a tanker with a di- 
ameter of 30 m and a height of 10 m, very similar 
to the LNG tanker shown in Fig. The number 
of charge imaging channels will be about 30000. 

A final remark on the detector cost. From our 
initial estimates the cost of a 100 kton (10 kton) 
detector built underground would be around 350 
(80) million Euro. 




Figure 5. A typical 10 kton tanker for LNG storage. 



4. A 100 ton LAr TPC for the T2K neu- 
trino experiment 

A 100 ton detector in a near site of a long base- 
line facility is a straightforward and very desir- 



able application of the LAr TPC technique [21] • 
In particular, the approved T2K experiment in 
Japan [22] will provide the ideal conditions to 
study with high statistical accuracy neutrino in- 
teractions on liquid Argon in the very important 
energy range around 1 GeV. This is a mandatory 
step in order to be able to handle high statis- 
tics provided by the large detectors described in 
the previous Section. In addition, a smaller mass 
prototype of the 100 ton detector could offer a 
tool to study calorimetric (electromagnetic and 
hadronic) response in a charged particle beam or 
be readily placed in an existing neutrino beam. 

The J-PARC to Kamioka neutrino project is a 
second generation long baseline neutrino oscilla- 
tion experiment that will probe physics beyond 
the Standard Model by high precision measure- 
ments of neutrino mixing. A high intensity, off- 
axis, narrow band neutrino beam is produced by 
secondary pions created by a high intensity pro- 
ton synchrotron at J-PARC. The neutrino energy 
is tuned to the oscillation maximum at ~1 GeV 
for a baseline length of 295 km towards the Super- 
Kamiokande detector. 

The project is divided into two phases. In the 
first, the main goal is the precision measurement 
of neutrino oscillation with the 50 GeV PS of 
0.75 MW beam power and Super-Kamiokande as 
a far detector. The physics subject of the first 
phase is an order of magnitude better precision in 
the — > v x disappearance oscillation measure- 
ment, a factor of 20 more sensitive search in the 
— ► v e appearance, and a confirmation of the 
Ufj, — ► v r oscillation or discovery of sterile neutri- 
nos by detecting neutral current events. During 
the second phase, the power of the neutrino beam 
will be increased and a new far detector will be 

built 1221- 

In order to achieve the challenging goals of 
the T2K program, for the disappearance oscilla- 
tion search one will need to precisely measure the 
Am§ 3 and sin 2 2#23 parameters with small sys- 
tematic errors. For that, a very good knowledge 
of the neutrino beam will have to be reached. 
For the electron appearance experiment, in order 
to deeply understand the beam associated back- 
grounds, a very good knowledge of the intrinsic 
v e component of the beam and of the ir° produc- 
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tion in neutrino interactions in the GeV range will 
be mandatory. The above requirements are to be 
fulfilled by the use of a complex detector config- 
uration. In fact, the T2K long-baseline program 
foresees two near detector stations, respectively 
at 140 and 280 m from the target, a third inter- 
mediate station at 2 km, and the far station rep- 
resented by the existing Super-Kamiokande de- 
tector. The near detectors have to be built, and 
will be composed of different technologies, like in 
the case of the previous K2K experiment |23|. 

As far as the 2 km site is concerned, it is now 
planned to install a 1 kton water Cerenkov detec- 
tor, a muon ranger and a so-called "fine grain" 
detector constituted by a LAr TPC [2T]. At the 
2 km position, the rate in a 100 ton detector 
would be about 300000 events per year: this is 
a unique location for a liquid Argon TPC of such 
a mass. A list of physics measurements that could 
be performed in the T2K 2 km near station with 
a liquid Argon detector has been outlined in pQ. 
The merits of the detector for the T2K oscillation 
measurements combined to the other detectors of 
the 2 km site are discussed in detail in [21]. The 
main technological and detector issues of the 100 
ton LAr TPC for T2K are reported in the follow- 
ing. 

The LAr TPC for the T2K 2 km site is hosted 
in a 8.5 m long and 7.2 m diameter stainless steel 
dewar positioned on mechanical shock absorbers, 
as schematically shown in Fig. Inside the outer 
dewar, an inner vessel of 5 m in length and 6.6 
m in diameter contains the liquid Argon. The 
volume between the two vessels is evacuated and 
filled with super-insulation layers to ensure ade- 
quate thermal insulation. The outer cylinder acts 
as a thin skin for vacuum insulation. The heat in- 
put through these surfaces is estimated to about 
100 W under high vacuum conditions. In case of 
loss of vacuum, the heat input increases to 4 kW. 
The inner vessel contains about 315 tons of liq- 
uid. A smaller volume of 150 tons is confined by 
the inner TPC, corresponding to a neutrino in- 
teraction fiducial volume of 100 tons. The basic 
concept for the liquid Argon cryostat has been 
developed and engineered following the interna- 
tionally recognized codes for the design of con- 
ventional cryogenic-fluid pressure storage-vessels 



as covered in the ASME (American Standards of 
Mechanical Engineers) Boiler & Pressure Vessel 
Code, Sect. VIII. 




Figure 6. Artistic view of the T2K LAr detector 
vessel. 



The detector chamber consists of a stainless 
steel mechanical frame with parallelepiped shape 
inscribed in the inner vessel cylinder. The cath- 
ode of the TPC is placed in the middle of the inner 
volume along the longitudinal axis. There are two 
options for this element: either filled with frozen 
water or with solid CO2. The inner target is mo- 
tivated by the fact that the extrapolation between 
Argon and water targets (2 km water Cerenkov 
and Super-Kamiokande) can be affected by un- 
certainties, which in turn would affect the goal of 
precision measurement of the oscillation param- 
eters. The straightforward solution is, therefore, 
to insert an additional target within the 100 ton 
liquid Argon detector in ordere to collect a statis- 
tically significant event sample with interactions 
occurring in Oxygen (CO2 or H 2 0) and tracks 
reconstructed in LAr. 
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The first option for the inner target geometry 
is a cylindrical structure made of a 2 mm thick 
stainless steel cylinder of 60 cm diameter and 5 
m length. The second option calls for a par- 
allelepiped shaped target 25 cm thick and 5 m 
long (Fig. UJ. In the latter case, two separate 
cathode planes would be placed onto the external 
sides of the target. For both options, the cathode 
electrode defines two half-volumes. We are con- 
ducting specific tests with prototype targets to 
study the freezing procedure of the target mate- 
rial. Fig.|Hlshows one of these (cylindrical) proto- 
types during a laboratory test to simulate water 
target freezing inside a dewar being filled with 
liquid Argon. 




Figure 7. The inner dewar volume with the option 
of a parallelepiped shaped inner target. A simulated 
neutrino event is also shown. 



Each of the two extreme sides of the half- 
volumes are equipped with two or three wire 
planes with different wire orientations, constitut- 
ing the readout anodes. The electric field per- 
pendicular to the wires is established in the LAr 
volume by means of a high voltage (HV) system. 
The system is composed of the above-mentioned 
cathode plane parallel to the wire planes, placed 
in the center of the cryostat volume at a distance 
of about 2 m from the wires of each side and 
defining the maximum drift length, and of field 
shaping electrodes made of stainless steel tubes. 
These are required to guarantee the uniformity of 
the field along the drift direction. At the nomi- 
nal cathodic voltage of about 200 kV, correspond- 




Figure 8. A prototype cylindrical water target dur- 
ing a freezing test with liquid Argon. 



ing to an electric field of 1 kV/cm, the maximum 
drift time in LAr is of about 1 ms. At this stage, 
two options are considered for polarization of the 
cathode and the corresponding electrodes. In the 
first option a HV feedthrough allows to set the re- 
quired potential on the cathode. The electrodes 
are placed at degrading voltage from the cathode 
potential to ground via a series of resistors in- 
serted between the tubes. In the second option, 
the use of a HV feedthrough is avoided if an oscil- 
lating low- voltage is multiplied inside the detector 
via a Greinacher circuit (see next Section). 

Large area PMTs are placed inside the liquid, 
attached to the supporting mechanical structure, 
outside the inner fiducial volume and behind the 
wire planes. The PMTs are manufactured to be 
sensitive to the DUV prompt scintillation of Ar- 
gon. These signals can be used for triggering on 
non beam associated events. 

On top of the cryostat there are flanges 
equipped with cryogenic feedthroughs for the 
electrical connection of the wires with the read- 
out electronics. These feedthroughs also provide 
passage for the internal instrumentation includ- 
ing PMTs, purity monitors, level meters, tem- 
perature probes, etc. The electronics allows for 
continuous readout, digitization and wave- form 
recording of the signals from each wire of the 
TPC. The frontend electronics is hosted in crates 
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directly placed on top of the dewar. 

The detector is complemented by ancillary 
cryogenics systems. A gas and liquid recirculation 
and purification system, a heat exchanger and a 
LAr buffer are placed in the underground cavern 
close to the detector dewar. These systems are 
connected through cryogenic pipes to the surface, 
where Argon storage, compressor, ventilation and 
evaporation systems complete the detector infras- 
tructure. 




Figure 9. Layout of the inner detector supporting 
structure. One can notice the central inner target, 
the race-tracks, the sustaining rails and one of the 
two chamber supporting frames. 



In more detail, the inner detector is composed 
of a rigid mechanical frame made of stainless- 
steel beams that is based on the cryostat floor 
by means of a system of rails and adjustable feet. 
The structure is made independent from possible 
deformations of the cryostat occurring during the 
initial cooling and it is also self-supporting. The 
stainless-steel frame has dimensions of about 5 m 
in length, 4.5 m in width and 4.5 m in height 
(Fig. E|) . Two lateral wire- frames with the task of 
supporting the two (left and right) TPCs are po- 
sitioned on the vertical longitudinal sides of the 
mechanical structure. The structure is designed 



in order to sustain the total force applied by the 
TPC wire tension without appreciable deforma- 
tions. In the baseline option of two wire planes 
per each detector half this force amounts to about 
9 ton. The structure is also designed to hold the 
signal and HV connectors, the PMTs, and the 
monitoring devices. Once assembled, the struc- 
ture equipped with TPC planes and the other 
devices will be moved into the dewar by means 
of the bottom rails and subsequently aligned and 
placed in its nominal position. 

As mentioned above, each TPC consists of a 
system of two parallel wire planes separated by 
3 mm. The wire pitch normal to the wire di- 
rection is 3 mm. An additional third wire plane 
in each chamber would increase redundancy in 
the event reconstruction and help in solving pos- 
sible ambiguities. Wires are made of AISI 304V 
stainless steel with a diameter of 150 /im. They 
are stretched in the frame supported by the me- 
chanical structure previously described. Each of 
the two-wire-plane chambers contain about 4500 
wires, some of which decreasing in length. The 
tension applied to each wire corresponds to 10 N 
in the baseline option, although some optimiza- 
tion is expected following laboratory test we are 
presently conducting. 

It is worth to stress a few points concerning the 
detector operation. Since no active refrigeration 
is foreseen, there are in total about 40 tons of steel 
to be cooled by liquid Argon boil-off during the 
initial cooling. The amount of Argon needed for 
this is about 20 LAr m 3 , less than 10% of the to- 
tal stored Argon (315 ton). In normal operating 
conditions the total heat input induces a boil-off 
of about 200 1 of liquid Argon per day, that is 
quite small. During forced liquid recirculation, 
required to yield high purity, the consumption 
is estimated to increase by additional 400 1/day. 
Since the cryostat is not actively cooled, e.g. with 
liquid N2, the cold input is externally provided ei- 
ther by compensation of the boil-off or preferably 
via a standard Linde-Hampson refrigeration pro- 
cess. 

Refrigeration of the liquid Argon volume is per- 
formed by means of a closed circuit with a com- 
pressor placed at the surface, operated by a feed- 
back on the temperature and pressure of the inner 
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vessel. Heat losses under normal operating con- 
ditions correspond to 500 W (cold) or 10 kW of 
electric power. If we include the power required 
for the liquid Argon recirculation/purification we 
reach a total of about 30 kW of electric power to 
be supplied. 

The required LAr purity is firstly ensured by 
using suitable materials, cleaning, and careful de- 
sign of the internal components. Additionally, in- 
ternal surfaces can be vacuum conditioned, since 
during steady operation pollution of the LAr is 
mainly due to out-gassing of the inner surfaces 
and inner detector materials in contact with the 
gaseous Argon. The second requirement is that 
filling of the detector dewar from the external 
storage must be performed through sets of filters 
placed in series. Each set is dimensioned to allow 
for the purification of the LAr volume starting 
from standard commercial LAr (with a concen- 
tration of water and Oxygen of about 0.5 ppm). 
The third requirement is that a recirculation sys- 
tem has to be implemented in order to reach the 
ultimate purity of the liquid at equilibrium dur- 
ing detector operation, compensating for sources 
of impurities, typically degassing of materials im- 
mersed in the liquid. During the refrigeration cy- 
cle the gaseous Argon is passed through a purifi- 
cation filter before it is filled back as LAr to the 
inner vessel. Additional Argon purification is pro- 
vided by a recirculation system through purifica- 
tion cartridges in liquid phase. A similar system 
turned out to be very important in the ICARUS 
T600 operation JOj • The liquid recirculation sys- 
tem can be dimensioned under the requirement 
of a 48 hours recirculation period. This implies 
a recirculation rate of about 3500 LAr 1/hour (1 
1/s). This can be handled by employing 7-8 filter 
cartridges arranged in two parallel circuits. 

More details about the LAr TPC for T2K can 
be found in |21) . 

5. R&D towards a large mass liquid Argon 
TPC 

Some studies are underway and others are 
planned with the aim of optimizing the design 
of future large mass LAr TPC detectors |17I19| . 
We report here on the general R&D strategy and 



on results we have recently achieved. 

The development of suitable charge extraction, 
amplification and collection devices is a crucial 
issue. We are continuing an R&D activity to 
further optimize the technique for charge extrac- 
tion, amplification and collection, seeking a so- 
lution which yields gains between 100 and 1000 
in pure Argon, that is electrically and mechani- 
cally stable, and easy to be mass produced. The 
starting point can be the Gas Electron Multi- 
plier (GEM) detector developed by F. Sauli and 
coworkers |24) . It consists of a thin, metal-clad 
polymer foil, chemically pierced by a high density 
of holes. On application of a difference of poten- 
tial between the two electrodes, electrons released 
by radiation in the gas on one side of the struc- 
ture drift into the holes, multiply and transfer to 
a collection region. 

A detector derived from the GEM on which we 
are presently conducting specific studies is the so 
called LEM (Large Electron Multiplier) 123 . It 
can be considered as a sort of macroscopic GEM 
built with a thick vetronite-Cu coated board (1-2 
mm) with relatively large holes of 0.5 mm diam- 
eter. These features might make more easy the 
operation at cryogenic temperatures. 




Figure 10. A prototype LEM detector used in the 
test measurements. 



The LEM detector is shown in Fig. ^| In our 
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preliminary measurements we have been study- 
ing the gain yield as a function of HV and gas 
pressure. Gains up to 800 seem to be achiev- 
able even at high pressure, with good prospects 
for operation in cold. A preliminary resolution 
of about 28% FWHM has been obtained for a Fe 
source. The experimental results agree with those 
expected from simulations. 

We are also conducting studies for the under- 
standing of charge collection under high pressure 
as occurring for events occurring at the bottom 
of the large cryogenic tanker. At this purpose, we 
constructed a small chamber (Fig. Illjl which will 
be pressurized to 3-4 bar to simulate the hydro- 
static pressure at the bottom of a future 100 kton 
tanker. We plan to check that the drift proper- 
ties of electrons are actually not affected at these 
pressure values. 




Figure 11. The vessel housing the detector to study 
operation at high hydrostatic pressure. 



Another important subject of our current R&D 
studies is the problem of delivering very HV to 
the inner detectors, trying to avoid the use of 
(delicate) high voltage feedthroughs. We have re- 
alized a series of device prototypes based on the 
Greinacher or Cockroft- Walton circuit that allows 
to bring into the vessel a relatively low voltage 
and operate the required amplification directly 
inside the cryogenic liquid. 



In preliminary tests with 20 amplification cells 
we have been able to reach about 40 kV. Nearly 
2 kV/cm were obtained with the circuit success- 
fully operating in liquid Nitrogen. A filter was 
built with two RC circuits in series in order to at- 
tenuate the ripple of the DC output by about 20 
dB. The measurements indicate a very low noise 
level induced to the readout acquisition chan- 
nels. However, in order to solve the problem of 
noise generation by the AC input signal of the 
HV circuit, some other solution can be envis- 
aged. We foresee the use of an input signal at 
50 Hz, a frequency very far from the bandwidth 
of any commercial preamplifier that can be used 
for the wire readout. A second possibility is to 
stop the AC signal when an event trigger is is- 
sued, as long as the full drift and acquisition time 
last. Further tests to reach 200 kV are ongoing 
and long term stability studies in cold are fore- 
seen. Fig. 1121 shows the implementation of one 
of the Greinacher circuits used for the test mea- 
surements. Fig.ll3lillustrates the operation of the 
circuit immersed in liquid Nitrogen. 




Figure 12. One of the prototype Greinacher circuits 
used for the tests. 



The realization of a 5 m long detector column 
will allow to experimentally prove the feasibility 
of detectors with long drift path and will rep- 
resent a very important milestone in our global 
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Figure 13. The Greinacher circuits during the "cold" 
tests with liquid Nitrogen. 



strategy. We have recently designed (Fig. ITl)l 
and completed the construction of a 6 m long 
and 40 cm in diameter dewar vessel housing a 5 
m long prototype LAr detector (ARGONTUBE). 
The device will be operated with a reduced elec- 
tric field value in order to simulate very long drift 
distances of up to 20 m. Charge attenuation and 
amplification will be studied in detail together 
with the adoption of possible novel technologi- 
cal solutions. We also plan to implement a high 
voltage system based on the previously described 
Greinacher approach. Fig.ll5lshows the 5 m long 
TPC tube inserted in its supporting structure, 
while Fig. depicts a detail of the inner detec- 
tor tube inside the dewar vessel. 

The study of LAr TPC prototypes in a mag- 
netic field is an important breakthrough of the 
technique. Liquid Argon imaging provides very 
good tracking with dE/dx measurement, and 
excellent calorimetric performance for contained 
showers. This allows for a very precise determi- 
nation of the energy of the particles in an event, 
in particular for electron showers, which energy 
is very precisely measured. The possibility to 
complement these features with those provided 
by a magnetic field has been considered |12I16| 
and would open new possibilities such as charge 
discrimination, momentum measurement of par- 
ticles escaping the detector, and very precise kine- 
matics, since the measurements are multiple scat- 




Figure 14. Engineering design of the ARGONTUBE 
prototype LAr TPC. 



tering dominated {e.g. A.p/p ~ 4% for a track 
length of 12 m and a B field of IT). 

The orientation of the magnetic field is such 
that the bending is in the direction of the drift, 
where the best spatial resolution is achieved (in 
the ICARUS T600 a point resolution of 400 [im 
was obtained). The magnetic field is hence per- 
pendicular to the electric field. The Lorentz angle 
is expected to be very small in liquid. Embedding 
the volume of Argon into a magnetic field would 
therefore not alter the imaging properties of the 
detector and the measurement of the bending of 
charged hadrons or penetrating muons would al- 
low a precise determination of the momentum and 
a determination of their charge. For muons, a 
field of 0.1 T allows to discriminate the charge for 
tracks longer than 4 m, corresponding to a mo- 
mentum threshold of 800 MeV/c. Unlike muons 
or hadrons, the early showering of electrons makes 
their charge identification difficult. From simu- 
lations it is found that the determination of the 
charge of electrons of energy in the range between 




Figure 15. The long detector column after assembly 
in the support structure. 



1 and 5 GeV is feasible with good purity, provided 
that the field has a strength in the range of 1 T. 

An R&D program to study the performance of 
a LAr TPC in a magnetic field was started in 
2001. For this purpose, at ETHZ Zurich we have 
built a small liquid Argon TPC (width 300 mm, 
height 150 mm, drift length 150 mm) and placed 
it in the SINDRUM-I magnet kindly provided by 
the PSI Laboratory, producing field intensities up 
to 0.5 T (Fig. 117)1 . The test program was con- 
ducted successfully and included checking the ba- 
sic imaging, measuring traversing and stopping 
muons, testing charge discrimination, and check- 
ing of the Lorentz angle. The results have been 
recently published Two cosmic events col- 

lected with the device are shown in Fig. |^| 

The further development of the industrial de- 
sign of a large volume tanker able to operate un- 
derground will be also pursued in the framework 
of our future activities. The study initiated with 
Technodyne UK should be considered as a first 
"feasibility" study meant to select the main issues 
that will need to be further understood and to 
promptly identify possible "show-stoppers". We 
expect to continue this study by more elaborated 
and detailed industrial design of the large under- 
ground (or shallow depth) tanker also including 
the details of the detector instrumentation. As 
anticipated, the cost of the full device will be esti- 
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Figure 16. Detail of the inner ARGONTUBE detec- 
tor inside the dewar vessel. 



mated in more detail as well. At this preliminary 
stage a large mass LAr detector does appear to 
be a cost effective option. 

Finally, we are investigating the study of lo- 
gistics, infrastructure and safety issues related 
to underground sites. We are making investi- 
gations with two typical geographical configura- 
tions: a tunnel-access underground laboratory 
and a vertical mine-type-access underground lab- 
oratory. Early considerations show that such 
sites correspond to interesting complementary op- 
tions. Concerning the provision of LAr, a dedi- 
cated, possibly not underground but nearby, air- 
liquefaction plant is foreseen. In collaboration 
with Technodyne we have started addressing the 
technical requirements and feasibility of such a 
facility. 

6. Conclusions and outlook 

The basic R&D work for the liquid Argon Time 
Projection Chamber technology has been success- 
fully conducted by the ICARUS Collaboration, 
proving that it represents a mature particle detec- 
tor technique with great potential for future neu- 
trino and astroparticle physics experiments 0. 

In the last few years we have outlined a global 
strategy for next generation experiments based 
on the use of this technique at different detector 



14 




Figure 17. The setup used for the measurements 
of LAr TPC operation in magnetic field at ETHZ 
Zurich. 



mass scales PQ. Our conceptual design of a 100 
kton liquid Argon TPC seems technically sound; 
if realized, this detector would deliver extraordi- 
nary physics output and effectively complement 
giant 0.5-1 Megaton water Cerenkov detectors be- 
ing proposed for future precision studies of the 
neutrino mixing matrix and for nucleon decay 
searches |27I28| . Coupled to future Super Beams, 
Beta Beams or Neutrino Factories it could greatly 
improve our understanding of the mixing matrix 
in the lepton sector with the goal of measuring 
the leptonic CP-phase, and in parallel it would 
allow to conduct astroparticle experiments of un- 
precedented sensitivity. 

The main design features of a large LAr TPC 
include the possibility of a double-phase opera- 
tion with charge amplification for long drift dis- 
tances, a charge imaging plus light readout for 
improved physics performance, and a very large 
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Figure 18. Cosmic-ray events taken with the LAr 
TPC detector in magnetic field. 



boiling industrial cryostat (LNG technology). A 
full-scale, cost effective "prototype" at the scale 
of 10 kton could be envisaged as an engineering 
design test with a physics program on its own. 
A first module with a mass of 1 kton could ef- 
fectively play the role of a "module zero" meant 
to assess the main technological issues of the de- 
sign, its scalability to larger masses, and to verify 
the solutions adopted after the R&D studies con- 
ducted on specific subjects. 

A 100 ton LAr TPC detector in a near-site of 
a long-baseline facility is a straightforward and 
desirable application of the technique pQ. The 
T2K experiment presently under construction in 
Japan will provide the ideal conditions to study 
with high statistical accuracy neutrino interac- 
tions on liquid Argon in the very important en- 
ergy range around 1 GeV .22 . A proposed de- 
tector placed in the T2K 2 km site could provide 
the required reduction of the systematic errors for 
a high sensitivity measurement of the so far un- 
known 6*i3 mixing angle [23- Also in this case, a 
smaller mass prototype would represent a useful 
tool to study calorimetric (electromagnetic and 
hadronic) response in a charged particle beam. 

Work is in progress along the above lines of 
thoughts, with undergoing design and optimiza- 
tion studies, as well as with specific technical 
R&D activities. There is a high degree of inter- 
play and a strong synergy between small and large 
mass scale apparatuses, the very large detector 
needing the small one in order to best exploit the 
measurements with high statistical precision that 
will be possible with a large mass. 
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In conclusions, we do believe that the liquid 
Argon TPC technique is one of the favorite de- 
tector approaches to meet the challenge of future 
experiments both on neutrino and on astroparti- 
cle physics. From past experience and undergo- 
ing studies one can be confident that the detector 
mass could actually scale from the 100 ton to the 
100 kton mass range while keeping the basic out- 
standing features unaffected, and hence allowing 
for the design and the construction of cost effec- 
tive and reliable devices, suitable for long term 
operation. 
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